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Prorocentrum donghaiense is a bloom-forming thecate dinoflagellate species. It 
forms massive blooms in the East China Sea coastal waters almost every year since 
1998. This species usually prone to form blooms in low P environments. In the 
process of red tide explosion, the rapid propagation of algal cells and the rapid 
accumulation of biomass were observed. The change of pigment in water is also an 
important basis for observing red tide. In this study, we investigated the molecular 
mechanism of P. donghaiense to adapt low-phosphorus. The mechanism of gene 
expression regulation related to rapid cell proliferation and pigment change also been 
observed. 
We conducted transcriptome and microRNAome sequencing for P. donghaiense 
to understand the molecular mechanisms by which this dinoflagellate copes with 
phosphorus (P) deficiency. Under P-depleted conditions, G1/S specific cyclin gene 
was markedly down-regulated, consistent with growth inhibition, and genes related to 
dissolved organic phosphorus (DOP) hydrolysis, carbon fixation, nitrate assimilation, 
glycolysis, and cellular motility were up-regulated. The elevated expression of 
ATP-generating genes (for example, rhodopsin) and ATP-consuming genes suggests 
some metabolic reconfiguration towards accelerated ATP recycling under P 
deficiency. The decreased sulfatide (sulfolipid) was identified using both in 
post-transcriptome and HPLC-MS analysis. Taken together, our result showed that 













degradation constitute a comprehensive strategy to cope with P deficiency in a model 
dinoflagellate.  
  Based on the transcriptome data sheet, we isolated growth and biomass 
accumulation related gene G1/S cyclin, cellulose synthase and cellulase encoding 
genes in dinoflagellate P. donghaiense. The expression profiles of the three genes 
throughout the cell cycle were also been detected. The results suggest that G1/S 
cyclin, cellulase, and cellulose synthase genes associated with G1/S transition, G2M, 
and G1 phases of the cell cycle and are candidates of biomarkers for assessing growth 
status of P. donghaiense. 
     PCP and acpPC are the two major antennae proteins that bind pigments to 
acquire energy from solar in peridinin-containing dinoflagellates. We identified and 
characterized the two antennae protein genes in dinoflagellate P. donghaiense. Both 
genes showed higher expression under low compared to high light, suggesting their 
potential role in a low light adaptation mechanism. The two genes showed differential 
diel expression rhythm. PCP showed higher expression in the dark and lower in light 
period. In contrast, acpPC expressed high in daytime and low in nighttime. HPLC 
analysis of cellular pigment indicated a diel change of chlorophyll c2, but 
invariability of other pigments. The pigment ratio of diadinoxanthin : chlorophyll a 
increased significantly with light intensity. Furthermore, we found a surprising 
negative correlation between cellular chlorophyll c2 and PCP expression. This study 
provides more information to understand the relationship between antennae proteins 
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说   明 
博士后研究工作报告的排版以全国博士后管理委员会办公室制定的统一格
式为准（参见以上排版范例），研究报告封面统一以彩色羊皮卡纸制作，颜色不
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While gene regulation can occur at both transcriptional and epigenetic (microRNA) 
levels, combined transcriptomic and microRNAomic responses to environmental 
stress are still largely unexplored for marine plankton. Here, we conducted 
transcriptome and microRNAome sequencing for Prorocentrum donghaiense to 
understand the molecular mechanisms by which this dinoflagellate copes with 
phosphorus (P)-deficiency. Under P-depleted conditions, G1/S specific cyclin gene 
was markedly down-regulated, consistent with growth inhibition, and genes related to 
DOP hydrolysis, carbon fixation, nitrate assimilation, glycolysis, and cellular motility 
were up-regulated. The elevated expression of ATP-generating genes (e.g. rhodopsin) 
and ATP-consuming genes suggests some metabolic reconfiguration towards 
accelerated ATP recycling under P-deficiency. MicroRNAome sequencing revealed 
17 microRNAs, potentially regulating 3,268 protein-coding genes. Functional 
enrichment analysis of these microRNA-targeted genes predicted decreases in 
sulfatide (sulfolipid) catabolism under P-deficiency. Strikingly, we detected a 
significant increase in sulfolipid sulfatide content (but not in 
sulphoquinovosyldiacylglycerol content) and its biosynthesis gene expression, 
indicating a different sulfolipid-substituting-phospholipid mechanism in this 
dinoflagellate than other phytoplankters studied previously. Taken together, our 
integrative transcriptomic and microRNAomic analyses show that enhanced DOP 
utilization, accelerated ATP cycling and repressed sulfolipid degradation constitute a 
















Marine phytoplankton experience environmental fluctuations in light intensity, 
nutrient availability, temperature, and pH. In the future ocean, warming and 
intensified stratification may bring greater nutrient stress. Phosphorus (P) is an 
essential nutrient for phytoplankton growth as it is required for cellular structures 
(membranes, DNA, RNA), metabolism (nucleotides, NADH, NADPH), storage of 
energy (ATP), cell signaling (cAMP, IP3), and biochemical regulation (protein 
phosphorylation) (Karl 2014, Lin et al. 2016). In many parts of the ocean, dissolved 
inorganic phosphorus (DIP), the chemical form of P that can be taken up and 
assimilated directly, can be diminishingly scarce (Karl 2014, Lin et al. 2016). P can 
be a limiting factor for phytoplankton growth even in eutrophic coastal waters where 
excess nitrogen is introduced due to human activities (Lin et al. 2016). Various 
strategies have been identified in phytoplankton to cope with low P availability, 
including changing P transporters to increase uptake (Perry 1976), switching to 
dissolved organic phosphorus (DOP) for P source (Dyhrman and Palenik 1997, 
Dyhrman et al. 2007, Karl 2014), remodeling cell membranes (Shemi et al. 2016), 
lowering P quota, bypassing P consuming process in glycolysis reactions (Dyhrman et 
al. 2012, Wurch et al. 2011), and recycling lipid P (Dyhrman et al. 2012). The 
realization of these strategies may involve regulation of gene expression at multiple 
levels, ranging from transcriptional, post-transcriptional, to post-translational. While 














(e.g. via microRNA) of phytoplankton responses to P stress has not been explored 
even though its existence has been reported (O'Rourke et al. 2013). This study was 
aimed to address this gap of research by investigating genome-wide responses to P 
stress in a dinoflagellate.  
Dinoflagellates generally have limited transcriptional regulation (Lin 2011), as 
demonstrated in field work (Alexander et al. 2015) and culture studies (Moustafa et al. 
2010). Recent discoveries of microRNAs in dinoflagellates (Baumgarten et al. 2013, 
Lin et al. 2015) suggest that this form of post-transcriptional regulation may be a 
major mechanism controlling gene expression in dinoflagellates. We conducted 
transcriptome and microRNAome sequencing for Prorocentrum donghaiense, a 
model dinoflagellate species prone to form blooms in low P environments (Lu et al. 
2005), grown under P-replete and P-deficient conditions. Our data provide the most 
comprehensive insights to date of how a dinoflagellate copes with P-deficiency with 
some novel mechanisms, meanwhile demonstrating the power of combined 
transcriptomic and microRNAomic analysis in gaining a panoramic view of 
phytoplankton responses to phosphorus stress. 
Materials and Methods 
Cultures and physiological measurements 
P. donghaiense cultures were grown in 5 L seawater medium at 20°C under a photon 
flux of 100 µE·m-2·s-1 with a 14:10 h light: dark cycle. P-replete cultures were grown 














cultures were acclimated to 1 µM of phosphate with other nutrients being the same as 
in L1 medium. Each condition was set up in triplicate. All cultures were sampled 
daily for cell count and measurement of physiological parameters. Samples were 
collected on day 3 for RNA-seq, microRNA sequencing, qRT-PCR, Western-Blot, 
and LC-MS analyses and again on day 6 for LC-MS analysis for both the P-replete 
and P-depleted cultures. On both days, phosphate concentrations in the P-depleted 
cultures were essentially undetectable while that in the P-replete cultures were above 
15 µM. 
The cell concentration was measured using a Sedgwick-Rafter counting chamber 
under a microscope. Chlorophyll a was measured fluorometrically. Fv/Fm ratio as an 
indicator of photosynthetic efficiency was measured with a pulse amplitude 
modulated (PAM) fluorometer (Walz, Effelrich, Germany). Cell diameter was 
estimated by Z1 particle counter (Beckman Coulter, Brea, VA, USA). DIP 
concentration in the growth media was measured using a standard molybdate method. 
Alkaline phosphatase activity (APA) was determined as reported previously (Lin et al. 
2012). 
RNA isolation and sequencing 
About 107 cells were collected on the third day of the experiment and homogenized in 
TRIzol Reagent (Invitrogen, Carlsbad, CA) to extract RNA as previously reported 
(Lin et al. 2010). Ethanol precipitation instead of RNA binding column was used in 
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